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SUMMARY
Seismic anisotropy is evidenced in the inner core, upper mantle and the lower crust in large
scale, and the evidence is generally provided by shear wave splitting analysis. Here this paper
searches for the evidence of anisotropy in the uppermost crust, by using P-wave arrival times
from crosshole seismic measurement to directly estimate velocity anisotropy associated with
the fine-layering effect of multiple sedimentary beds. Conceptually fine layering causes the
so-called VTI (vertical transverse isotropy) anisotropy with a vertical symmetry and the effect
is parametrized by the horizontal and vertical velocity ratio. It is found however that the
VTI anisotropic parameter does not have a simple vertical symmetry but is also azimuth
dependent. This azimuthal anisotropy may reflect the fracture orientation due to large-scale
tectonic movements, and is very important in the production of oil reservoirs, as the seismically
fast directions can indicate preferred directions of fluid flow. This paper presents innovative
methods for anisotropy analysis in both vertical and horizontal plane. Integrated seismic
anisotropy interpretation clearly indicates distinguished strain orientations forming fractures in
Oligocenic, Miocenic and Pliocenic sediment, in the edge of the extensional basin immediately
next to Tan-Lu Fault, an active continental strike-slip fault zone.
Key words: Downhole methods; Seismic anisotropy; Continental tectonics: strike-slip and
transform; Fractures and faults; Asia.
1 INTRODUCTION
Seismic anisotropy is a pervasive property of the Earth, ranging
from the inner core, mantle to the crust. There are two impor-
tant categories of anisotropy including fine-layering and azimuthal
anisotropy. The fine-layering anisotropy provides evidence for lay-
ered formationwithin the inner core, for example, and is constrained
by the difference in traveltimes between seismic waves reflected at
the underside of the inner core boundary and those traversing the
inner core (Karato 1999; Niu & Chen 2008). Azimuthal anisotropy
features strain-induced preferred orientation of highly anisotropic
crystals such as olivine, and thus can be used to study motions in
the mantle associated with plate tectonics as well as the internal de-
formation of the plates. A clear evidence on mantle flow direction
and flow-induced orientation of mantle olivine crystals is provided
by the splitting in traveltimes of SKS waves, generated by the con-
version of P waves at the core–mantle boundary (Leven et al. 1981;
Silver & Chan 1988; Gao et al. 1994; Hirn et al. 1995; Garnero
& Lay 1997; Ritsema 2000; Wookey et al. 2002; Ru¨mpker et al.
2003; Mainprice et al. 2005; Pei et al. 2007; Shiraishi et al. 2008;
Jung et al. 2009). Azimuthal anisotropy also exists in subduction
systems and collision zones. A remarkably simple picture is that P
waves travelling just below the crust (Pn) invariably exhibit a fast
direction parallel to the fault zones (Peacock & Westbrook 2000;
Al-Lazki et al. 2003; Kneller & van Keken 2007; Faccenda et al.
2008).
Azimuthal anisotropy caused by lattice-preferred orientation of
anisotropic minerals is much weaker in the crust, and particularly
in its upper brittle part, than in the mantle. Fine layering (Backus
1962) or pore and cracks alignments (Babusˇka & Pros 1984) are
major causes invoked for crustal anisotropy. Shear wave splitting
may provide evidence for microcrack density or orientation changes
from the lower to the upper crust (Kaneshima et al. 1988; Meltzer
& Christensen 2001; Vergne et al. 2003). In this paper however,
instead of using the shear wave spitting method, I present a reliable
in situmeasurement on seismic anisotropy, by directly usingP-wave
arrival times from borehole seismics.
This study searches for the evidence of fine-layering anisotropy
in the uppermost Cenozoic crust. Finely layered sedimentary media
may have different velocity values in the vertical and horizontal di-
rections, and particularly the horizontal component is greater than
the vertical one for vertical transverse isotropy (VTI)media (Backus
1962; Berryman 1979; Levin 1979; Thomsen 1986; Bakulin 2003;
Berryman 2008). However I discover in this paper that this VTI-type
anisotropic property in the vertical space is also azimuth depen-
dent in the horizontal plane, affected by the orientation of fractures
within the crust. The study site is immediately next to Tan-Lu Fault,
one of the largest active continental strike-slip faults in the world
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Figure 1. Location map of the study site (the circle), immediately next to
the Tan-Lu Fault. It is about 50 km on the west side of the Tan-Lu fault zone,
while the width of the fault zone is also about 50 km in this part.
(Xu & Zhu 1994; Zhang et al. 2003). It may reveal regional tectonic
history and the relation of anisotropy and extension.
Tan-Lu Fault is a huge active fault zone in NNE direction, about
2400 km in length, cutting through several tectonic units in the
Eastern China (Fig. 1). It was formed by collision of the northern
end of South China Block and the east side of North China Block
in Mesozoic and started active in Cenozoic (Yin & Nie 1993; Wang
et al. 2005). Since Late Cretaceous, the North China block has been
involved in a wide range of extension. The study site is about 50 km
on the west side of the Tan-Lu Fault, where in this part the width
of fault zone is also about 50 km, consisted of four roughly parallel
faults with fault plane all nearly vertical. It is located in a stratified
hydrocarbon reservoirwith reverse-drag anticlines, characterized by
‘y’ type normal faults. This is a typical tectonic feature that existed
on the edge of an extensional basin (Hamblin 1965), similar to the
famous rollover structure in the Niger Delta (Weber & Dankoru
1975). Therefore, this study may also have economical impact as
rich hydrocarbon reserves often exist in this type of basin edge,
immediately next to a fault zone.
This paper suggests in the first time use of the Gauss-mapped
equation of the phase velocity ellipse, to calculate the phase ve-
locity components for given phase (velocity) angles. The methods
proposed are for estimating the 1-D anisotropic velocity models,
namely the maximum horizontal velocity vh and the ratio of the
maximum horizontal and vertical velocities, γ . Note that these 1-D
models are variable in depth, along a (source) borehole, close to
which a receiver borehole provides the necessary P-wave arrival
time measurements. They are not 2-D models for the anisotropic
velocity variations within the area between two boreholes. The latter
can be obtained conventionally by crosshole traveltime tomography
(Michelena et al. 1993; Pratt et al. 1993).
2 CROSSHOLE SE I SMICS
In this study I assume that the velocity anisotropy follows an elliptic
function in a vertical plane and is also an ellipse in the horizontal
space. The analysis is conducted on two pairs of borehole seismic
data sets collected from three boreholes (A, B and C in Fig. 2a): two
on sides for downhole seismic sources and the one in middle for
Figure 2. (a) Two crosshole seismic surveys with the azimuth degree θ1 =
62◦ and θ2 =126◦, respectively. The sources are lined in the left and right
borehole, and receivers are lined in centre borehole. (b) Two crosshole
seismic profiles.
downhole seismic receivers. The crosshole seismics cover main oil-
bearing series from the upper Palaeogenic to Neogenic sediment
basin. The lower part of the boreholes is the upper Palaeogenic
(Oligocenic) sediment. The middle and upper parts cover Neogenic
sediment, in which the middle part is Miocenic sediment and the
upper part is Pliocenic sediment.
Crosshole seismic profiles in Fig. 2(b) clearly depict fine-layered
sedimentary structure. Velocity anisotropy due to fine layering is
evidently shown in Fig. 3(a), an example of simple velocity cal-
culation based on straight ray paths and their first arrival times
measured from the crosshole seismic between borehole B and C.
There are two observations. First, a general trend of the display is
that the velocity values near the main diagonal, which correspond
to small vertical-offset traces are higher than those of off-diagonals
with large vertical-offsets. Second, this velocity discrepancy may
be divided into two groups separated at about 1250 m depth. Each
of these two groups shows different pattern of velocity variation. It
will be clear later that this depth is a geological boundary.
Velocity anisotropy is also verified in Fig. 3(b), a gather of seismic
traces recorded at depth 1113−1650 m against a source at 1380 m.
If the anisotropy effect is ignored, the arrival times (dashed curve)
obviously differ from the real data. Only when the anisotropy effect
is accounted can arrival times (solid curve) match the real data.
It is also notable that picking of first arrivals is very difficult
from near-zero vertical-offset traces such as traces in depth around
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Figure 3. Evidences of velocity anisotropy. (a) Velocity estimation from a crosshole seismic data set (between B and C), on which the velocities near main
diagonals corresponding to small vertical-offset traces are higher than those in the off-diagonals with large vertical offsets. (b) A shot gather with source at
1380 m depth, on which dashed and solid curves are the first arrival times of an isotropic velocity model and an anisotropic model, respectively.
1360−1420m. This is a fairly common phenomenon in field cross-
hole seismic data, which may be caused by interference of up and
low reflections of thin layers next to the source depth level. There-
fore, for a reliable anisotropic analysis as shown in the following,
we should use the arrival times from non-zero vertical-offset traces,
that is, a source point in one borehole and a receiver point in another
borehole are not at the same depth level.
3 F INE -LAYERING ANISOTROPY
For the VTI anisotropy due to fine layering in vertical symmetry,
the phase velocity is elliptical and can be expressed as
v2x
v2h
+ v
2
z
v2v
= 1, (1)
where vx and vz are the horizontal and vertical components of the
phase velocity, and vh and vv are the maximum horizontal velocity
and the maximum vertical velocity, respectively.
Given the phase angle φ with respect to the x-axis, the Gauss-
mapped equation of the ellipse gives the coordinate point (vx , vz)
on the ellipse (Fig. 4a) as
vx (φ) = v
2
h cosφ√
v2v sin
2 φ + v2h cos2 φ
,
vz(φ) = v
2
v sinφ√
v2v sin
2 φ + v2h cos2 φ
. (2)
It is easy to verify that eq. (2) satisfies the ellipse eq. (1), and that
vx (φ = 0) = vh and vz(φ = π/2) = vv.
Figure 4. (a) The phase velocity is defined as an ellipse with the maximum horizontal velocity vh and the maximum vertical velocity vv. Given the phase angle
φ, velocity components vx (φ) and vz(φ) follow Gauss-mapped equation. (b) In crosshole geometry, the phase angle (or the angle of the velocity vector) with
respect to the x-axis is approximated by φ = tan−1(y/x), where x is the horizontal distance of two vertical bores, and y is the vertical offset between a
source and a receiver point.
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The phase angle is the angle of the wave vector (or the phase
velocity vector) with respect to the x-axis. Thewave vector is normal
to a wavefront. Assuming a borehole seismic source is a point sit
on such a wavefront and generates a wave vector normal to this
wavefront (Fig. 4b). Given the phase angle
φ = tan−1
(
y
x
)
, (3)
where x is the horizontal distance of two vertical bores close
each other, and y is the vertical offset between a source point
and a receiver point, the magnitude of the phase velocity is es-
timated by |v(φ)| =
√
x2 + y2/t , where t is the travel-
time between the source and receiver pair. For any single source
point, different receivers with different y values have differ-
ent phase angles and correspondingly different phase velocities
|v(φ)|.
The phase velocity ellipse (1) may be featured by the ratio
γ ≡ vh
vv
. (4)
Then the Gauss-mapped eq. (2) can be rewritten as
vx (φ) = γ vh cosφ√
sin2 φ + γ 2 cos2 φ ,
vz(φ) = vh sinφ
γ
√
sin2 φ + γ 2 cos2 φ . (5)
Based on eq. (5), I propose two methods to calculate γ directly
from P-wave arrival times of crosshole seismics.
The first method is to calculate γ based on the P-wave arrival
times of zero and non-zero vertical-offset traces. Solving equation,
v2x + v2z = v2, (6)
leads to
γ 2(φ = 0) =
(
v2h
v2
− 1
)−1
tan2 φ
2
×
⎛
⎝1 −
√
1 − 4
tan2 φ
(
v2h
v2
− 1
)
v2h
v2
⎞
⎠ . (7)
In crosshole geometry, the maximum horizontal velocity vh can
be estimated by vh = x/t0, where t0 is the first arrival
time of a wave propagating from a source in one borehole to
a receiver in another at the same depth level. Thus, in eq. (7),
v2h/v
2 = (t2/t20 ) cos2 φ.
As displayed in a gather (Fig. 3b), however, the arrival time t0
from the zero vertical-offset trace is often unreliable. In addition,
one should also consider the picking errors in arrival times from
all of the traces. Thus, I propose the second method to estimate an
optimal γ value from the arrival times of non-zero vertical-offset
measurements.
Set up the following equation system:⎧⎪⎪⎨
⎪⎪⎩
vz(φ)
vx (φ)
= 1
γ 2
tanφ,
v2x + v2z =
x2
t2 cos2 φ
,
(8)
where the first equation is derived from eq. (5), and the second one
is v2x + v2z = v2. The solution is
vx (φ) = γ
2x
t
√
sin2 φ + γ 4 cos2 φ ,
vz(φ) = x tanφ
t
√
sin2 φ + γ 4 cos2 φ .
(9)
Comparing the definition of either vx (φ) or vz(φ) (either the first
equations or the second equations) in systems (5) and (9), one can
derive the following formula:
vh =
x
√
1 + 1
γ 2
tan2 φ
t cosφ
√
1 + 1
γ 4
tan2 φ
. (10)
Given any pair of P-wave arrival times (t1,t2) at two different
receiver depths, the discrepancy between two vh values should be
minimal. That is the second method to estimate the γ parameter by
minimization:
J = vh(γ ;φ1,t1) − vh(γ ;φ2,t2) → min . (11)
It is an advantage of crosshole seismic that one can use multiple
arrival times from an array of receivers to estimate the anisotropy
parameter γ at any depth. In minimization problem (11), I first
select the γ values which are within the range of [0.8, 2.0], and
then select the median among them. In this way, I can effectively
mitigate the effect of data errors in estimation. The final γ values
estimated from two pairs of crosshole seismic (Fig. 5a) show that
in one measurement, it has large γ values in the deep part, and
in another one, it has strong γ values in the shallow part. The
separation depth corresponds to a geological boundary.
Once a γ value is estimated, a group of vh values at the same
depth are calculated from eq. (10) for arrival times of all receivers.
The final vh value at this depth is the median of all vh values derived
at this specific depth position. The vh values (Fig. 5b) show a clear
pattern change occurred at depth around 1670 m. This is another
geological boundary.
4 AZ IMUTHAL ANISOTROPY
The actual γ value estimated from borehole seismic data might
also be affected by strain-induced fractures and cracks. The latter
may cause change in both the maximum horizontal and vertical
velocities. Thus γ estimations in different directions also contain
information about the azimuthal anisotropy on the horizontal plane.
I now investigate the azimuth dependency of the anisotropic param-
eter γ .
On the horizontal plane, I assume that the azimuthal anisotropy
is also an ellipse, and measure it by the azimuth degree (θ0) of the
major axis and the eccentricity (ε) of the ellipse (Fig. 6a). With the
origin at the centre, the polar equation of an ellipse is
γ (θ ) = ab√
a2 sin2(θ − θ0) + b2 cos2(θ − θ0)
, (12)
where a and b are major and minor axes, and θ is the azimuth angle
of a crosshole profile.
In this equation, there are three unknown parameters (a, b, θ ),
but we have at each depth only two anisotropy parameter estimates
(γ1, γ2), obtained from the two crosshole measurements (Fig. 2a)
with the azimuth degree θ1 = 62◦ and θ2 =126◦, respectively. Here
I propose a working hypothesis to solve this issue, that is, using
the minimum eccentricity as a constraint, to measure the azimuth
dependency of the anisotropic parameter γ . The eccentricity of the
ellipse is ε = √1 − (b/a)2. When ε = 0, the minimum eccentricity
is zero, the ellipse is a perfect circle. Therefore, the eccentricity ε
measures the extent of an ellipse departure from a perfect circle.
The azimuthal anisotropy result (Fig. 6) reveals that the azimuth
degree θ0 in the upper media is almost perpendicular to that in the
lower media. Such a large-scale, consistent effect must be a re-
flection of fracture orientations due to tectonic movements, rather
C© 2011 The Author, GJI, 184, 1311–1316
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Figure 5. Velocity anisotropy analysis. (a) The γ functions estimated from
two pairs of crosshole seismic measurements. (b) The vh functions estimated
from two pairs of crosshole seismic measurements.
than local hydraulic effect during hydrocarbon production. There-
fore, such a remarkable feature in the azimuth anisotropy clearly
indicates that, the primary directions of strain-induced fractures
in Miocene and Pliocene Series are almost perpendicular to each
other. The boundary that separates Miocenic and Pliocenic Series
is indicated accurately at depth of about 1250 m.
Another geological boundary between Oligocenic and Miocenic
Series (i.e. separating Palaeogene and Neogene period) is about
1670 m in depth. Across the boundary, there are big variations in
the azimuth degree θ0 values (Fig. 6) and also in the γ and vh values
(Fig. 5).
Conventionally, fine layering causes the so-called VTI anisotropy
with vertical-axis symmetry (Backus 1962) and the effect is repre-
sented by the horizontal and vertical velocity ratio. I find however
Figure 6. (a) Two azimuthal anisotropy parameters: The azimuth degree
(θ0) of the major axis and the eccentricity (ε) of the ellipse. (b) Estimated
azimuthal anisotropy parameters from the crosshole seismic experiment.
this anisotropic parameter is azimuth dependent and is not vertically
symmetric. This type of azimuthal anisotropy is very important in
the production of oil reservoirs, as the seismically fast directions
can indicate preferred directions of fluid flow.
The integrated interpretation above of anisotropic parameters
clearly draws geological boundaries separating Oligocene, Miocene
and Pliocene Series (dashed lines in Figs 5 and 6). According to
geologists in a local petroleum company, sediments of these three
series are referred to as Dongying, Guantao and Minghuazhen For-
mation, respectively. It is often that an extensional basin edge with
the structure featured by ‘y’ type faults, next to a strike-slip fault,
presents rich hydrocarbon reserves.
5 CONCLUS IONS
The evidence of seismic anisotropy is generally provided by shear
wave splitting analysis. However in this paper velocity anisotropy
is estimated directly by using P-wave arrival times of crosshole
seismic measurements. The innovative techniques presented in this
paper include use of the Gauss-mapped equation of the ellipse,
two methods for estimating the anisotropic parameter in the verti-
cal profile, and the working hypothesis for measuring its azimuth
dependency on the horizontal plane.
The horizontal to vertical velocity ratio, associated with the fine-
layering effect of multiple sedimentary beds, is also azimuthal
C© 2011 The Author, GJI, 184, 1311–1316
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dependent. Therefore, this velocity-ratio parameter combines the
fine layering and the effect of fracture orientation due to large-scale
tectonic movements. The azimuthal anisotropy is consistent within
the formation of a series but is remarkably different between two
series. It reveals that strain-induced fractures have different primary
directions. It can indicate preferred directions of fluid flow within
oil reservoirs.
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